Background: It is difficult to observe the phenomena of cardiac fatigue under a low or moderate workload test, and little was reported about cardiac fatigue under a heavy workload test because of the potential risk (sudden death) of prolonged strenuous exercise. Animal experiments would be helpful to resolve this problem. The objective of this study was to obtain baseline data of two new indicators of cardiac reserve in rats, rabbits, and dogs. Methods: Ten New Zealand White rabbits (1. 5 to 2 kg, 4 females), 10 male Wistar rats (2 months old), and 10 Golden Retriever dogs (40 days old, 5 females) were included in this study. Phonocardiogram of each animal was recorded. The basic points concerning heart sound quantitative analysis were: 1) measuring the duration and the amplitude of relevant heart sound components; 2) calculating and analyzing relevant indicators based on the data obtained from the above measurements, including the ratio of diastolic to systolic duration (D/S) and the ratio of the amplitude of the first heart sound to the amplitude of the second heart sound (S1/S2). Results: The baseline data of D/S ratio and S1/S2 ratio in rats, rabbits, and dogs were obtained. The swimming time to exhaustion for rabbits was several to a dozen minutes, and for rats, several hours. Conclusion: D/S ratio has an important biological implication, which is a safe and easy indicator for evaluating the cardiac health status of both animals and humans.
INTRODUCTION
Studies of cardiac reserve of rats, rabbits, and dogs have started since the 1960s and continued today [1] [2] [3] . These studies, however, did not involve the ratio of diastolic to systolic duration (D/S) and the ratio of the amplitude of the first heart sound to the amplitude of the second heart sound (S1/S2). As to the relation between the amplitude of the first heart sound and cardiac contractility, some important animal experiments and invasive or non-invasive clinical trials have been carried out, laying the firm theoretical basis and providing the reliable experimental evidence for the conclusion that there is a close relationship between the amplitude of the first heart sound and cardiac contractility. Especially, Hansen et al. [4] , using dogs and applying dP/dt as a measure of contractility, studied the effects of anesthetics and inotropic agents on the amplitude of the first heart sound and cardiac contractility. The results showed that "Changes in the amplitude of the first heart sound were found to correlate closely with changes in the maximum rate of rise of left ventricular pressure (r = 0.9552, P < 0.001)." On the other hand, the second heart sound quantitatively documents systemic pressure changes [5] . Based on the above, S1/S2 ratio can serve as an integrated indicator for evaluating cardiac and peripheral function. In recent years, Hsieh and his colleagues have also studied S1/S2 ratio [6] . They concluded that the first heart sound (S1) is a direct manifestation of the left ventricular contractile state; the amplitude of S1 is proportional to the rate of left ventricular pressure rise (LV dP/dt); S1, corrected for S2, is decreased in patients with impaired LV systolic function; digital phonocardiography appears promising as an adjunctive bedside tool for evaluating left ventricular systolic function. As described by Abe et al., the greater part of coronary blood flow takes place during the diastolic phase of each cardiac cycle [7] . The length of diastole is associated with cardiac health status and survival status. Based on the above, we presented an indicator D/S ratio (the ratio of diastolic to systolic duration) to evaluate whether the myocardial perfusion time is sufficient or not [7] [8] [9] , which is an indicator of cardiac reserve, because it relates to how much nutrition and oxygen will be available during systole, and relates to ventricular filling and cardiac output.
The importance of measurement of the two new indicators of cardiac reserve in animals lies in promotion of research on cardiac reserve and cardiac fatigue in humans. In addition, since cardiac contractility reserve is a basis for exercise capacity for both human and animal, accumulation of the data of S1/S2 ratio of dogs will be beneficial for training police dog; measures of D/S ratios of different animals will accumulate new data for exploring the evolution of exercise capacity.
Based on the above, we present the topic, measures of the two new indicators of cardiac reserve of rats, rabbits, and dogs. This article describes related methods, preliminary results, and application prospect.
METHODS AND SUBJECTS

Subjects
To explore the biological implication of D/S ratio, the following measurements were performed in 4 species. 1) Humans: One hundred and twenty-three adults without cardiovascular disease were included in this survey. This study was approved by the Institutional Review Board of Chongqing University, and informed consent was obtained from all subjects.
2) Animals: Ten New Zealand White rabbits (1. 5 to 2 kg, 4 females), 10 male Wistar rats (2 month old) (Experimental Animal Centre of the Third Military Medical University) and 10 Golden Retriever dogs (40 days old, 5 females) were included in this study. Experimental protocols for this study were approved by the Ethics Committee of Institute of Physical Education, Chongqing University. All animal care and use programs were carried out according to the Regulations for the Administration of Affairs Concerning Experimental Animals of Chongqing.
Instrument
Cardiac Contractility Monitor (CCM, developed by BoJing Medical Informatics Institute, Chongqing, China) was used for this investigation. The hardware of CCM consists of a phonocardiographic sensor, a heart sound signal preprocessing box, a computer, and a printer. CCM uses a sampling rate of 8 kHz with 8 bits per sample (mono-channel). The software includes a fundamental heart sound measurement system, the developing environment of which is Visual Basic 6.0 (Microsoft Inc.). The application's target operating platform is Windows XP.
Basic Method for Signal Measurement and Analysis
Heart sound signal was converted several times during processing, and finally, it was converted to screen coordinates to draw a waveform graph. The basic points concerning heart sound quantitative analysis were: 1) measuring the duration and the amplitude of relevant heart sound components; 2) calculating and analyzing relevant indicators based on the data obtained from the above measurements, including D/S ratio, S1/S2 ratio, and HR.
Since the thickness of the chest wall of different subjects is various, the absolute amplitude of S1 cannot be used as an indicator for evaluating cardiac contractility. So, the design of some relative value indicators for evaluating cardiac reserve is very important, such as S1/S2 ratio, D/S ratio, etc., which have dimensionless values.
Statistical Analysis
Quantitative data are presented as mean ± SD. Statistical analysis was performed with SPSS software (SPSS Inc).
An Example of Applied Study
Cardiac reserve is one of the most important physiological bases of exercise performance. Based on the baseline data of cardiac reserve in rats, rabbits, dogs, and humans, a comparison was undertaken to evaluate the exercise performance during exhaustive swimming. The time to exhaustion of rats and rabbits were recorded.
RESULTS
Data of measurement of D/S ratio, S1/S2, and HR for 4 species are shown in Table 1 . The baseline data of humans measured previously served as reference [10] . (10) 1.36 ± 0.13 3.37 ± 0.71 160 ± 31 D/S ratio: the ratio of diastolic to systolic duration; S1/S2: the ratio of the amplitude of the first heart sound to the amplitude of the second heart sound ; HR: heart rate.
The time to exhaustion of 10 rats and 10 rabbits is shown in Table 2 .
DISCUSSION
Cardiac reserve is one of the most important physiological bases of exercise performance. The importance of measurement of new indicators of cardiac reserve in animals lies in promotion of research on cardiac reserve and cardiac fatigue in humans. It is difficult to observe the phenomena of cardiac fatigue under a low or moderate workload test, and little was reported about cardiac fatigue under a heavy workload test because of the potential risk (sudden death) of prolonged strenuous exercise, for example, the ironman triathlon or marathon. Animal experiments would be helpful to resolve this problem at some point.
This study obtained the baseline data of D/S ratio and S1/S2 ratio in rats, rabbits, and dogs, which are shown in Table 1 .
The mean values of D/S of all of the 4 species were greater than 1, i.e., the diastolic duration is longer than the systolic duration. Since the greater part of coronary blood flow takes place during the diastolic phase of each cardiac cycle [7] , higher D/S ratio is beneficial to myocardial perfusion, thus helping maintain the cardiac health status. We also detected D/S ratio for 3 cats from the same litter and the maternal cat. All of the values of D/S ratio were greater than 1, which adds a new evidence for proving our hypothesis that D/S ratio of mammals might all be greater than 1.
As Table 2 shows, the swimming time to exhaustion for rabbits was several to a dozen minutes, and for rats, several hours. This condition may be related to the fact that rabbits have a D/S ratio of only 1.17 ± 0.18, whereas rats have a D/S ratio of 1.57 ± 0.16. Human data of D/S ratio were 1.82 ± 0.27 [6] ; elite athletes can swim for hours. Maybe D/S > 1 is an evolutionary characteristic of mammal, the length of diastole is associated with cardiac health status and survival status. Hochachka et al. explored the evolution of human performance features, from burst to endurance work [8] . However, caution is necessary when the data of this study obtained from rats and rabbits are extrapolated into other animals because we have not examined this aspect in more species.
In consideration of the fact that nutrition and oxygen supplied during diastole are the material and energy basis for maintaining healthy status of the heart, our team pre- Table 2 . The time to exhaustion of 10 rats and 8 rabbits. sented the ratio of diastolic to systolic duration as a time indicator of cardiac perfusion reserve [8, 9] , systematiccally studied it, and the statistical data were published in 2002. Before 2002, there was no report of D/S ratio in PubMed. Although Iuchi A et al. also used the term D/S ratio in 1991, their D/S ratio referred to the ratio of diastolic to systolic peak velocity in pulmonary vein, not to the ratio of diastolic to systolic duration of the heart. The D/S ratio reflects cardiac chronotropic state and the S1/ S2 ratio reflects cardiac inotropic state. Inotropism and chronotropism are two aspects of cardiac properties. In 1995, one study involved S/D (not D/S) [11] , the ratio of systolic (S) duration to diastolic (D) duration. Although S/D also reflects the relationship between diastolic and systolic durations, D/S highlights the importance of diastolic duration, and the normal value of D/S is almost always greater than 1, which is beneficial for quickly understanding the meaning of the measured value of D/S ratio. A limitation of S/D duration ratio is that the measurement of this ratio to assess ventricular function requires the presence of defined onset and end of MR/TR on spectral Doppler tracings [12] . In the study by Alkon et al. [13] , 7 of 54 patients (13%) were excluded because of inadequate TR Doppler tracing to measure the duration of systole and diastole. The essence of the two indicators, D/S ratio and S/D ratio, is the same that both of them can reflect a change in cardiac perfusion time. Since D/S ratio and S/D ratio are mutually reciprocal, the data of D/S ratio and S/D ratio resulted from the studies with the two methods can be easily shared by researchers, clinicians, and coaches, no matter which technique was used.
In brief, D/S ratio has an important biological implication, which is a safe and easy indicator for evaluating the cardiac health status of both animals and humans.
Now that the first heart sound (S1) is a direct manifestation of the left ventricular contractile state [6] and the second heart sound quantitatively documents systemic pressure changes [5] , S1/S2 ratio can serve as an integrated indicator for evaluating cardiac and peripheral function. Since the change of S1 amplitude during stress is much greater than that of S2 amplitude, S1/S2 ratio is mainly used to evaluate cardiac contractility change trend [9] . The heart rate change trend can be served as an indicator for evaluating cardiac reserve mobilization. So in this study, we present the ration of S1/S2 of humans, rats, rabbits, and dogs to accumulate the baseline data of different species for our further studying of cardiac reserve. The change trend of S1/S2 ratio in different species during exercise is deserved in large simples.
